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Muon spin relaxation/rotation SR and magnetic susceptibility measurements were carried out on antifer-
romagnetic nanoparticles of CuO. Nanoparticles with center size of around 5 nm were prepared by ball-milling
from single crystals of CuO and investigated using SR measurements. In the 5 nm assembly, the TN was
reduced drastically to 30 K, compared with the bulk TN=229 K. A similar effect was observed in a system
of 2 to 3 nm diameter nanorods, which was synthesized by a direct solution reaction method, where TN was
suppressed further to 13 K. The present work reports direct evidence of a dramatic finite-size effect on the
magnetic transition temperature in antiferromagnetic systems.
DOI: 10.1103/PhysRevB.72.014464 PACS numbers: 75.75.a, 75.70.i, 76.75.i, 76.90.d
I. INTRODUCTION
Finite-size effects in magnetic materials ferromagnets
and antiferromagnets have received much attention in recent
years. They reflect deviations from bulk properties as their
sample dimensions are reduced. For systems with long cor-
relation lengths, such as traditional superconductors having
coherence lengths on the order of hundreds of angstroms,
reduction of the superconducting transition temperature
caused by finite-size effects has been observed in numerous
systems.1 In strongly correlated systems with short correla-
tion lengths, such as ferromagnets and antiferromagnets,
finite-size effects in the magnetic transition temperature, TC
Curie temperature or TN Néel temperature, are visible
only in ultrathin films or nanoparticles. In a simple model of
mean field theory, the magnetic transition temperature de-
pends on the strength of the exchange interaction and the
number of neighboring atoms. Therefore, reduction of the
magnetic transition temperatures on the surface is expected.
For example, in this model, the 110 surface for a face-
centered-cubic ferromagnet with isotropic exchange interac-
tion would be expected to have a surface TC of 7/12 bulk TC
if the surface were not coupled to the bulk. However, this
simple estimation is incorrect and the surface TC in practical
magnetic systems has been considered as nearly equivalent
to the bulk value.2
Recently, drastic reduction of the Curie temperature TC
has been reported in ferromagnetic ultrathin films of a few
monolayers, such as that of cobalt.3 An experiment using the
surface magneto-optical Kerr effect on ultrathin films of co-
balt showed a drastic decrease in TC from over 1000 K to
below 50 K, and a strong influence of substrate topology on
TC.3 However, this result contradicts those of the same ex-
periment by another group, which found no change in the TC
for 1 monolayer Co up to 430 K.4 In these ferromagnetic
materials, high values of TC TC1000 K prevent determi-
nation of TC without first degrading the ultrathin film. On a
low TC ferromagnet of Tb nanoparticles TC bulk=222 K,
drastic reduction in magnetic transition temperature was ob-
served through dc magnetization measurements with a weak
applied magnetic field after zero-field cooling ZFC.5 On
another low TC ferromagnet of Gd TC bulk=292.5 K,
only a moderate reduction with TC 1 monolayer=0.9 TC
bulk was monitored by magnetic resonance,6 even though
an observation of TC dropping below 120 K was made with
the ac susceptibility measurement.7 As detailed below re-
garding antiferromagnets, weak-field magnetic susceptibility
measurement under zero-field-cooling condition often de-
tects an extrinsic thermal blocking temperature TB rather
than the actual transition temperature.
Chemically stable antiferromagnetic systems such as CoO
and NiO are more suitable to investigate this finite-size ef-
fect. Previous zero-field-cooled magnetic susceptibility stud-
ies of thin layers of CoO and resistivity measurements in
Cr/Fe multilayers have shown drastic reductions in the mag-
netic transition temperature TN e.g., “TN” was reduced from
the bulk 291 K to “TN” =25 K for 1.5 nm film CoO.8,9
Similar effects for TN were found for MnO and CoO
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nanoparticles by electron spin resonance ESR
measurements.10,11 However, the latter method was an indi-
rect method that used extrapolation from the paramagnetic
range. “TN” was produced by fitting the temperature depen-
dence of the ESR linewidth H to an assumption where H
was assumed to approach T / T−TN near TN.10,11 Neverthe-
less, recent thermodynamic measurements on CoO and NiO
showed only a moderate 10% reduction of the TN for ultra-
thin films.12,13 A neutron diffraction study on NiO nanopar-
ticle discs with an average diameter of 12 nm and a thickness
of 2 nm indicated a moderate 12% reduction in TN, in agree-
ment with an extended mean field model.14 A study on
Fe3O4/CoO systems showed that the “transition tempera-
ture,” as determined from the ZFC susceptibility measure-
ments, approached zero in a linear manner with a decreasing
thickness of CoO. In contrast, the intrinsic TN, as determined
from the neutron diffraction, actually increased with a de-
creasing CoO thickness because of the proximity of mag-
netic Fe3O4 layers.15 These results strongly imply that the
magnetic susceptibility measurement under a zero-field cool-
ing condition may only monitor an extrinsic blocking tem-
perature TB.12,13,15
Classically, ferromagnetic particles with dimensions of
about 10–20 nm become superparamagnetic and are subject
to spontaneous flips of magnetization by thermal activation.
For antiferromagnetic materials, Néel suggested that antifer-
romagnetic nanoparticles might show superparamagnetism
because of uncompensated spins on the surface; at a charac-
teristic temperature TB, the thermal flips are blocked so that
coercivities and hysteresis loops are observed for antiferro-
magnetic nanoparticles.16 As indicated in Ref. 13, when
these uncompensated surface spins are tightly coupled to the
spins inside the nanoparticles, they might serve as a measure
of the transition temperature TN. However, they might domi-
nate the magnetic measurements without providing informa-
tion about the intrinsic magnetic property of nanoparticles
when they are coupled loosely. This domination of measure-
ment explains the discrepancy between CoO results obtained
by the ZFC magnetic susceptibility technique and by specific
heat or neutron diffraction measurements. A similar magnetic
blocking effect has been observed extensively in
antiferromagnet/ferromagnet interfaces, where it is clarified
in detail that blocking temperature TB is generally lower than
the real transition temperature and can be influenced by nu-
merous other extrinsic parameters such as the grain/layer size
and surface roughness.17 Nanoparticle ferromagnetic par-
ticles are known to become superparamagnetic. At low tem-
peratures, thermal blocking of the superparamagnetism
might occur. Therefore, results by ZFC magnetic susceptibil-
ity measurement might be obscure. Therefore, whether a
drastic finite-size effect on the magnetic transition tempera-
ture appears in magnetic systems remains an open issue and
an enriched category of materials would be desirable.
Based on the above information, this study examines an-
tiferromagnetic CuO systems using muon spin relaxation/
rotation method SR. The SR directly detects changes in
the internal field. Consequently, it detects the intrinsic mag-
netic phase transition. Compared to the neutron diffraction
technique, which has shown limited applicability to nanopar-
ticles because of broad diffraction peak and low diffraction
intensity, the SR is a more sensitive probe for nanopar-
ticles. The bulk CuO is an antiferromagnet with an incom-
mensurate order below TN1=229 K, and a commensurate or-
der below TN2=213 K.18–23 When the Cu2+ spins in the
system is diluted with nonmagnetic ions, the two transition
temperatures quickly merge to a single transition temperature
of 200 K.24–26 Among monoxides, CuO is unique because
of its crystallization in a monoclinic structure a
=4.6837 Å,b=3.4226 Å,c=5.1288 Å,=99.54°27 and its
material similarity to superconducting cuprates.28
II. SAMPLE PREPARATION AND CHARACTERIZATION
This study investigates antiferromagnetic transitions in
two kinds of CuO nanoparticles using SR and magnetic
susceptibility measurements. The SR measurements require
a large quantity of material. For that reason, 10 g of CuO fine
particles were prepared by ball milling from pure single crys-
tals of CuO. Single crystals were grown by a chemical vapor
transport method, which has been verified to produce high
crystal quality and purity.22,23,28 The present process has
eliminated possible contamination caused by magnetic impu-
rities except for trace amounts of nonmagnetic SiO2 from
the milling balls and vessel. Figure 1a shows the synchro-
tron x-ray diffraction intensity pattern for the ball-milled
particles. A conventional method employing the Scherrer re-
lation with instrumental correction produced an average par-
ticle size estimation of 8.3 nm.
Electron microscope imaging reveals that these particles
are distributed narrowly around 5 nm Figs. 1b and 1d.
Detailed investigations using electron diffraction and high-
resolution atom imaging showed that they are in crystalline
forms other than amorphous. In addition, a surprising result
related to ball-milled nanoparticles is that the high-resolution
atom imaging revealed no lattice defects that one might ex-
pect from the ball-milling process Fig. 1d, left panel. The
absence of defects was confirmed by repeated observations.
However, a high concentration of defects exists extensively
in sub-micrometer particles prepared with the same ball-
milling process Fig. 1d, right panel. Although each single
observation confirmed only a very small number of particles
used for SR measurements, considering the random sam-
pling for the observation, we presume that the defect-free
property is the most probable characteristic of nanoparticles.
This conjecture is based on the following arguments. The
defects are in a higher energetic metastable state and are
pinned by the barrier for moving in bulk crystals. In the
nanoparticles, they might readily disappear because of
the lack of a pinning mechanism for metastable defects in the
nanoparticle lattice.
Another process to grow smaller nanoparticles of CuO is
based on a one-step direct synthesis from aqueous solutions
of CuCl2 ·2H2O and NaOH. By adjusting the concentrations
and the ratio of composition of the two compounds, we
found that nanoparticles of CuO in rod form nanorods were
synthesized directly from the solution at room temperature
without employing the usual thermal dissociation treatment.
The nanorods congregated to appear as large needles at first
glance. However, the individual particles were in fact uni-
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formly sized with diameters narrowly distributed around 2 to
3 nm, as shown by electron microscopy in the right panel of
Fig. 1b. Detailed investigation demonstrated that they were
good nanocrystals.
Magnetic susceptibility measurements were performed on
the two kinds of nanoparticles using a commercial SQUID
magnetometer at 1 Tesla. The SR measurements were car-
ried out on ball-milled nanoparticles at the Meson Science
Laboratory, High Energy Accelerator Research Organization
KEK-MSL using a pulsed surface + beam with an energy
of 20 MeV in a zero field less than 1 mG as well as in a
longitude external field LF-SR. For reference, similar
measurements were made of large particles: Sub-micrometer
particles that had been similarly prepared by the ball-milling
process. The SR experiment on the nanoparticles was re-
peated with a continuous surface + beam at TRIUMF,
Canada’s National Laboratory for Particle and Nuclear Phys-
ics. The asymmetry parameter a of the muon spin at time t, is
defined as at= Ft−Bt / Ft+Bt, where Ft and
Bt are muon events counted, respectively, by the forward
and backward counters. The incident muons are polarized
along the longitudinal progressing direction; then the internal
fields in the specimen depolarize the initially polarized
muons. Thereby, magnetic transitions are directly visible in
the muon spectra.
III. RESULTS AND DISCUSSION
In the paramagnetic state, in which relaxation of electron
spin is too fast to depolarize the muon spin, the nuclear field
of Cu63 or Cu65 here dominates depolarization behavior.
The asymmetry is known to follow the Kubo-Toyabe
function,29
at = a0 13 + 23 1 − 2t2e−1/2
2t2 1
where  is the distribution width of the nuclear field 1/3 of
the muon spins remains the initial longitudinal direction and
FIG. 1. Synchrotron x-ray =0.5 Å diffraction pattern for ball-milled 5 nm particles of CuO. b Transmission electron microscopy
images of ball-milled 5 nm particles left and solution-grown congregated CuO nanocrystals with 2 to 3 nm diameter right. c
Statistical distribution in the nanoparticle size. d High-resolution images for the ball-milled nanoparticles left panel and ball-milled
sub-micrometer particles right panel. In Fig. d defect-free crystalline nanoparticles are apparent at the edges. On the contrary, defects and
boundaries exist extensively in the ball-milled sub-micrometer particles, as indicated by the arrow.
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2/3 muon spins rotate as a result of the influence of the other
two vertical components of the field. A static internal field is
produced by the ordered spins and the asymmetry decreases
rapidly toward a time-independent baseline of 1 /3 when a
magnetic order is developed inside the specimen. Therefore,
the initial asymmetry near t=0 might serve as a measure of
the magnetic order. The time evolution of the asymmetry
at0 reflects the correlation of the spins. Oscillation
around the baseline is apparent with the high time resolution
of a continuous beam if the magnetic order is long range and
the sample is crystallized uniformly.
Figure 2 shows the zero-field SR spectra with histogram
packing of 500 A and 20 B for the 5 nm particle as-
sembly at a set of typical temperatures taken at TRIUMF.
Few spectra are plotted, thereby allowing a clearer view;
hereinafter, except as specifically denoted, the SR obtained
at TRIUMF are presented. In the case of bulk CuO, the ini-
tial asymmetry with a histogram packing like that of Fig.
2a declined steeply below TN2 of 213 K. The muon spin
rotation is visible below TN2 with packing like that of Fig.
2b.30 For the 5 nm particle assembly, the initial asymme-
try began to decrease slightly near 180 K also refer to Fig.
5, and quickly decreased below around 100 K. Microscopic
investigation revealed that the assembly consisted of a domi-
nating majority of fine particles around 5 nm and a few
larger particles. Therefore, we attributed the slight decrease
above 100 K to the higher TNs of the few larger particles. We
infer that most particles have TNs of less than 100 K. As
shown in Fig. 2b, signs of muon spin rotation indicating the
development of a long-range order become evident only be-
low 30 K.
Figure 3 shows the time dependence of asymmetry, as
measured using ZF-SR and LF-SR at 1.9 K and in vari-
ous fields. The development of long-range order was clearly
observed in the ZF-SR as well as in the LF-SR. In Fig.
3a, the ZF-SR asymmetry is roughly fitted with frequen-
cies of 18.7 0.3 and 12 0.7 MHz, which are consistent
with the two dominating frequencies of 18.4 and 11.9 MHz
in the bulk CuO at low temperatures.30 The LF-SR results
FIG. 2. Color online .Time evolution of zero-field SR asym-
metry at for ball-milled 5 nm particles at typical temperatures
with data packing of 500 a and 20 b. Solid lines in a are fitted
asymmetries.
FIG. 3. a Oscillation of the muon spin asymmetry for ball-
milled 5 nm particles at 1.9 K showing muon spin rotation. The
gray line shows a fit with muon spin rotation frequencies of 18.7
and 12.0 MHz. b Time evolution of asymmetries under longitude-
fields LF at 1.9 K.
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shown in Fig. 3b unambiguously show the development of
a static internal field resulting from a long-range order: The
asymmetry recovers in a large external longitude field to can-
cel the effect of the static internal field.
The LF-SR at data measured at other temperatures are
shown in Fig. 4. At all temperatures, partial decoupling at a
weak field of 100 Gauss was observed, suggesting that some
nanoparticles remained paramagnetic: In the paramagnetic
state, the muon spins are depolarized by the nuclear mo-
ments, as shown in Eq. 1, which is decoupled by a weak
field of 100 Oe. Therefore, the difference between decou-
pling at 2400 and 100 G at the respective temperatures is
used as an effective measure of the volume fraction of the
antiferromagnetic phase in the nanoparticle assembly. The
differences are nearly time-independent. They are plotted
versus temperature in Fig. 4d. That figure shows that the
nanoparticle assembly has a distribution of TN and TNs for
most of the particles below around 100 K.
Drastic suppression of the antiferromagnetic transition
and the distribution of TN are illustrated more clearly by a
quantitative analysis of the ZF-SR spectra. Their depolar-
ization behaviors, as shown in Fig. 2a, are well described
by a combination of an exponential function with the Kubo-
Toyabe function:
at = a0 13 + 23 1 − 2t2e−1/2
2t2  e−t 2
Therein, the exponential function expresses depolarization
resulting from the magnetic field caused by the electron
Cu2+ spins; a0 is the initial asymmetry near time zero. The
temperature dependence of the fitted a0, and the depolariza-
tion rate  for the nanoparticle assembly, as well as those for
the reference submicrometer particles, are shown in Fig. 5.
The sub-micrometer assembly exhibits bulk characteristics.
Bulk CuO displays incommensurate order below TN1
=229 K and a commensurate order at TN2=213 K, as is
proven by the previous reports of neutron studies, magnetic
susceptibility studies and SR studies.18–23,30 The decrease
in a0 below 230 K for sub-micrometer assembly suggests the
start of ordering at TN1. The peak of  near 210 K is consis-
tent with formation of a long-range order at TN2. In the long-
range ordered phase, the at quickly approaches a time-
independent constant value one-third of the initial
asymmetry at the paramagnetic state which reduces  to
zero.
For 5 nm particles, after a gradual decrease in the initial
asymmetry and a gradual increase in the depolarization rate
as T decreases, they change at a much faster rate below
around 100 K, consistent with the LF-SR measurements. A
plot of the decreasing rate of the initial asymmetry da0 /dT
versus the temperature is shown in Fig. 5c. The rate is
highest at 30 K, which indicates that TN is centered around
30 K. This indication is also consistent with the peak tem-
perature of the depolarization rate  shown in Figs. 5a and
5b, i.e., implying a TN of 30 K for the size of 5 nm.
The Néel temperature of 30 K of the 5 nm particle as-
sembly is less than one-seventh of the bulk value and exhib-
its a striking finite-size effect compared with previous reports
of direct evidence on CoO or NiO. This result has been fur-
ther confirmed by our experiments on another nanoparticle
assembly with center size of 10 nm TN50 K.31 It is note-
worthy that the drastic reduction is not caused by defects.
The ball-milled sub-micrometer particles contain numerous
defects, but their TN has not been changed from the bulk
values. On the contrary, these defects were not even ob-
served in the ball-milled nanoparticles with our experiments.
Figure 6 shows magnetic susceptibility measurements 1
Tesla, field cooling on the 2 to 3 nm nanorods 20 mg
assembly, which display even greater finite-size effect on
the smaller nanoparticles. As with previous magnetic suscep-
tibility studies on thin films or nanoparticles with incomplete
or amorphous surfaces, our ball-milled nanoparticles showed
extrinsic paramagnetic properties because of their surface
FIG. 4. a–c Longitude-field LF spectra for the ball-milled
5 nm particles at typical temperatures. d Difference asymme-
tries between 100 G and 2400 G at various temperatures.
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states. However, the solution-grown nanocrystals clearly
demonstrated an anomaly near 10 K Fig. 6. For antiferro-
magnets like CuO, the magnetic transition is better deter-
mined from the temperature dependence of d	T /dT.32,33 As
shown in Figs. 7a and 7b, whereas TN1=229 K and a
TN2=213 K are seen for bulk CuO, the TN of 13 K for the
nanocrystals is observed clearly on the d	T /dT−T plot. It
is noteworthy that no anomaly was observed with the weak
field ZFC measurement. These results, combined with those
of SR and susceptibility, and a recent report of TN of
170 K for 14 nm CuO,34 are plotted in Fig. 7c. This
striking reduction in TN demonstrates the dramatic finite-size
effect on the magnetic transition temperature in nanoparticles
of CuO when its dimension is reduced to a few nanometers.
A previous study on the magnetic susceptibility measure-
ments of nanoparticle CuO thermal decomposition of
CuOH2 gels reported an anomaly around 40 K in the mag-
netic susceptibilities under weak fields for a 6.6 nm assem-
bly of CuO determined from the difference between suscep-
tibilities upon field-cooling and ZFC cooling.33 As shown
clearly in the cases of NiO and CoO,12,13,15 the weak field
zero-field-cooling magnetic susceptibility measurements
merely reproduce a nonthermodynamic blocking effect.
Blocking temperature TB is influenced by numerous extrinsic
parameters such as the grain/layer shape and surface
roughness.17 Low-temperature heating 160 °C in the litera-
ture cannot ensure complete dissociation of CuOH2 and
sufficient oxidization to CuO. Consequently, it may produce
incomplete surfaces. Actually, we demonstrated in another
study that the anomaly in the ZFC magnetic susceptibility is
strongly sample-dependent: It may or may not appear.31
The zero-field SR can also detect a superparamagnetic
relaxation in magnetic nanoparticles similar as those seen in
the zero-field SR reports on superparamagnetic Cu98Co2.35
Superparamagnetic relaxation causes the gradual decrease of
the initial asymmetry of muon spins in the zero-field SR
spectra and a root-exponential muon depolarization function
with an associated relaxation rate that can be related to the
mean fluctuation rate of the dipolar fields.35 Therefore, one
might suspect that the decrease in the initial asymmetry of
the zero-field SR in Fig. 2a can result from a superpara-
magnetic relaxation. However, development of muon spin
rotations in Figs. 2b and 3, the LF-decoupling behavior in
Figs. 3 and 4, the peak of the depolarization rate as shown in
Fig. 5, and the depolarization of the initial asymmetry to 1/3
the value of that in the paramagnetic state all clearly describe
the onset of magnetic order in the nanoparticles. Therefore,
the possibility of a superparamagnetic relaxation is excluded
in the present CuO nanoparticle study.
The drastic finite size effect might help to solve a relevant
problem. Recently, an unusual type of magnetism called su-
perferromagnetism has been reported in one-dimensional and
two-dimensional regularly structured arrays of nanostripes of
Fe, as well as in self-organized Co80Fe20 nanoparticles in
multilayers Co80Fe20/Al2O3.36,37 For example, nanostripes of
iron showed a new “superferromagnetic” transition at 179 K,
separate from its Curie temperature above 1000 K. Periodic
alignment of the nanoparticles was suggested to produce
an unknown inter-particle magnetic coupling. Nevertheless,
FIG. 5. Color online a Temperature dependence of the initial
asymmetry filled circles and depolarization rate  filled triangles
for ball-milled 5 nm particles and the reference ball-milled sub-
micrometer particles KEK-MSL. b Results obtained from a re-
peated experiment at TRIUMF. c The decreasing rate of the initial
asymmetries implies a center TN near 30 K for the ball-milled
5 nm particles.
FIG. 6. Temperature dependencies of magnetic susceptibilities
for ball-milled 5 nm particles, solution-grown 2 to 3 nm rods and
ball-milled submicrometer particles, respectively.
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the same phenomenon appears in randomly decomposed
Cu2MnAl nanoparticles embedded in the Cu64Mn9Al27
alloy.38 These unusual properties are explainable by assum-
ing a very low TC because of the finite-size effect.
In summary, the present work reveals a dramatic reduc-
tion of the Néel temperature in CuO from the bulk
TN=229 K to TN of 30 K for 5 nm nanoparticles, as
well as TN=13 K for 2 to 3 nm nanorods. This dramatic
reduction is direct evidence of the drastic finite-size effect on
TN in antiferromagnetic systems. It also lends insight to solv-
ing controversial problems of this kind in ferromagnetic
systems.
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